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Abstract: Culverts can provide a significant barrier to fish passage by fragmenting fish habitats
and impeding the passage success of small-bodied fish. Geographical connectivity is critical to
the maintenance of diverse fish assemblages. Culverts with high cross-sectional velocity can cause
population fragmentation by impeding passage of small, freshwater fish. Behavioral responses
of small fish to high velocities can differ among functional groups, and swimming behavior of
many species is not well known. We tested effects of substrate type on swimming behavior in two
small, freshwater fish species—southern leatherside chub (Lepidomeda aliciae, a midwater species),
and longnose dace (Rhinichthys cataractae, a benthic species)—across three substrate treatments: (1) a
bare flume, (2) large flow obstacles, and (3) a natural cobble substrate. Both longnose dace and
southern leatherside chub used paths of low velocity and swam in the near-substrate boundary area.
Fish in the bare flume and large obstacle treatments swam along the corners of the flume in a straight
swim path, whereas fish in the natural substrate treatment used all parts of the flume bed. There was
no relationship between passage success of fish and substrate type, fish species, or their interaction.
In contrast, substrate type, fish species, and their interaction were significant predictors of passage
time. Southern leatherside chub passed through the test section about two to four times faster than
longnose dace. Both species took longer to pass through the large flow obstacle treatment compared
to the bare flume or natural substrate. The natural substrate created a complex velocity profile with
areas of low velocity throughout the entire flume, in contrast to the other two treatments. Our data
suggest natural substrates can improve the passage of small fish in high-velocity culverts for both
benthic and midwater functional groups.
Keywords: fish passage; culvert hydraulics; native fishes; velocity refuge; substrate size

1. Introduction
Geographical connectivity to source populations through a network of rivers and streams is critical
to the development of diverse fish assemblages. Manmade barriers to fish migration or dispersal
have been linked to the decline of freshwater fish assemblages throughout the world [1]. Culverts in
streams are ubiquitous in the United States [2,3] and frequently act as barriers to fish passage [2–7].
Recent studies estimate that 30% to 53% of culverts are barriers [2,8]. These structures adversely
affect the survival of freshwater fish species [3,8,9], by preventing migration and fragmenting the
habitats of freshwater fish, which leads to increased risk of extinction [10,11]. Culverts can also prevent
dispersal [6,11], which is critical for population maintenance and access of spawning habitats [3].
Sustainability 2019, 11, 470; doi:10.3390/su11020470
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Culverts with high velocity profiles fail to accommodate smaller fish, because they do not account for
differences in swimming behavior and size-dependent swimming abilities [1,12]. However, correctly
retrofitting culverts can effectively restore fish passage [13]. Research on how the morphological
and behavioral adaptations of fish affect passage behaviors through culverts will provide valuable
information that could inform future culvert design, particularly for small fish [1,9,14,15].
Salmonids are disproportionally represented in studies of fish passage through high-velocity
environments [16,17]. In a recent review of fish passage, 77% of studies examining the ecological
impact of culverts included salmonids, whereas 45% of all fish passage studies concerned salmonids
exclusively [11]. Although the passage success of salmonids has historically been prioritized
due to commercial value, scientists are now recognizing the importance of passage for other fish
species [18,19]. In recent years, studies on lampreys [20–22], perch [1,12,23,24], sculpins [25],
sturgeon [26–29], cyprinids [30,31], and galaxiids [32] have increased our knowledge on non-salmonid
fish passage. Some species of small-bodied fish exhibit behavioral adaptations that facilitate
upstream passage through high-velocity zones by using low-velocity paths. In non-uniform flows,
small, weak-swimming fish select paths of low velocity to swim upstream [14,15,33]. For example,
flume studies document small-bodied fishes consistently swimming in the reduced velocity zone
(RVZ) produced by the culvert wall [33,34]. Similarly, many studies have indicated that substrate type
may influence passage success in culverts by providing areas of reduced velocity [35–39]. However,
given the diversity of behavior and functional form of small fish compared to salmonids, there still is
relatively little known regarding the effect of substrate type on navigation of small, freshwater fish
through culverts [3,11].
Culverts can become a barrier to fish passage for any species of fish if the design fails to account
for a given species’ behavioral adaptations [12]. Several studies call for research on adaptive swimming
behaviors that might inform culvert design [11,15,40,41]. These adaptations include the selection of
energy-efficient swim paths and using different swimming strategies. Small fish may use sprint or
burst swimming speeds to cross velocity barriers [1,9], or swim at high speeds to minimize passage
time [42,43]. Small fish may also conserve energy by taking refuge in areas of reduced velocity [40,44].
Morphological adaptations between functional groups can also influence swimming strategy [28].
Fish in the midwater functional group may take advantage of low-velocity refuges in the wake of
obstacles by using “burst-and-coast” swimming [41,44]. Benthic fishes are morphologically adapted to
hold position on the substratum by bracing and sheltering [25,45–47]. Behavioral and morphological
responses of small fish to high velocities may differ between functional groups, suggesting that culverts
designed for the passage of small fish may need to accommodate a range of swimming abilities and
strategies, instead of treating small, non-salmonid fish as one group. However, if small fish from
different functional groups employ similar swimming strategies for passage, one culvert design may
be sufficient to allow for the passage of diverse assemblages of small, non-salmonid stream fish.
To inform culvert design in the context of stream restoration for small-bodied stream fish, species
from two different functional groups were selected to model how morphological and behavioral
differences between functional groups influences passage behavior and swim paths on different
substrates. We tested effects of substrate type on swimming behavior in southern leatherside chub
(Lepidomeda aliciae, a midwater species) and longnose dace (Rhinichthys cataractae, a benthic species)
across three substrate treatments: (1) a bare flume with no substrate, (2) large obstacles (15 cm diameter),
and (3) a natural cobble substrate (see Section 2.2 below). Because longnose dace is a benthic species,
we expected it to use bracing behaviors and do best in the natural substrate [25,45]. Conversely,
we expected southern leatherside chub to use “burst-and-coast” swimming and “refuging” to perform
best in the “large obstacle” treatment. We compared the passage time and behavior, and swim paths
of southern leatherside chub and longnose dace in each treatment to determine if functional groups
(midwater and benthic) react similarly to different velocity profiles. We then quantified fine-scale
patterns of velocity generated by the three treatments and mapped the velocity profile of swim paths
in each treatment.
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This was four trials for each species in each of the three flow treatments described below. We
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Figure 1. Plan view of the experimental flume representing the bare flume, large obstacle, and natural

Figure 1. Plan view of the experimental flume representing the bare flume, large obstacle, and natural
substrate treatments. Cylinders were placed in the large obstacle treatment only. In the natural
substrate
treatments.
Cylinders
were placed
in the
large
obstacle treatment
only. In
thecobble
natural substrate
substrate
and bare
flume treatments,
the entirety
of the
experimental
flume was covered
with
and baresubstrate
flume or
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the
entirety
of
the
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was
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left bare, respectively.
left bare, respectively.
Fish were allowed to acclimate for one hour in a holding area at a water velocity of 0.20 m/s

(Figure
1). After the
period, we increased
flow flume
rate untilrepresentative
the flume reached of
the bare
desiredculverts [32],
Trials
consisted
ofacclimation
three treatments:
(1) thethe
bare
cross-sectional average velocity for each test (see below). Once the flow rate was steady, we raised
(2) linearly arrayed obstacles made of concrete cylinders 15 cm in diameter (see Figure 1), representative
of baffles, and (3) natural cobble substrate from the stream where the fish were collected. For the
natural substrate trial, we positioned the substrate along the entire length of the flume upstream from
the acclimation area, and spanning the entire width of the flume (Figure 1). A standard sieve analyses
of four samples showed that the substrate median diameter (d50 ) was 46 mm with a standard deviation
of 6.7 mm.
Fish were allowed to acclimate for one hour in a holding area at a water velocity of 0.20 m/s
(Figure 1). After the acclimation period, we increased the flow rate until the flume reached the desired
cross-sectional average velocity for each test (see below). Once the flow rate was steady, we raised the
containment barrier (a mesh panel) to begin a trial. Each trial lasted 60 minutes from the end of the
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acclimation period. In trials with natural substrate, cobbles were extended beyond the test section,
such that fish were not suddenly confronted with an abrupt difference in bottom material at the end
of the test section. Passage success was the number of fish per trial that traversed the test section of
the flume. We also recorded the time for each fish to swim the length of the test section (Figure 1).
If fish did not complete the test within 60 minutes, we recorded them as having failed. If a fish did
not change position after 15 minutes, we lightly prodded their caudal fin to motivate movement [52].
If fish were impinged against the downstream gate or otherwise exhibited extreme exhaustion with no
reaction to prodding, we removed them from the test [1,52].
We mapped fish swim paths by recording the position of each fish at five minute intervals as they
moved upstream. Based on visual observations, positions were marked as the distance upstream from
the beginning of the test section and the distance from the right edge of the flume. Swim paths were
mapped as a sequence of positions with a straight line drawn between positions. Fish were visually
monitored during the time between recording intervals (i.e., 5 minutes), but position was not recorded.
The average cross-sectional velocity for each trial was set at 25% greater than the prolonged
swimming speeds for both species, which were 0.54 m/s for southern leatherside chub and 0.73 m/s
for longnose [49]). Prolonged swimming speeds underestimate fish passage [53,54], since fish are often
forced to swim above their prolonged swim speeds [1,49,55]. For longnose dace, we ran tests at a flow
rate of 0.20 m3 /s, a velocity of 0.91 m/s, a depth of 0.2 m, and a Froude number of 0.66, whereas flow
rate was 0.15 m3 /s, with a velocity of 0.68 m/s, a depth of 0.16 m, and a Froude number of 0.60 for
southern leatherside chub. At these velocities the approach flow was fully developed according to
the Blasius equation for flat planes [56], and Reynolds numbers were >100,000 for all experiments.
To control turbulent surface waves that form at high velocities, which can impact the swimming ability
of the fish [9], we tethered a 1 m long plywood board to the water surface at the inlet section of the
flume. This board did not overlap with the test section.
We ran all trials within 4 days of collecting fish [57]. We transported fish to holding tanks
(volume = 1100 liters) in aerated, insulated coolers filled with river water. The holding tanks were kept
under 12 h light and dark cycles at about 18 ◦ C, and fish were fed frozen brine shrimp twice daily.
Mean water temperature was also kept at 18 ◦ C ± 4 ◦ C in the experimental flume. This temperature
was in the mid-range of that experienced by fish in Soldier Creek during the growing season [51].
2.3. Velocity Profiles and Swim Paths
We used a SonTek 16-MHz Micro Acoustic Doppler Velocimeter (ADV) [58] to generate detailed
maps of current velocity for each of our substrate treatments. The ADV is a three-pronged sensor that
takes 3D velocity readings in a ≈0.3 cm3 sampling volume 5 cm below the probe tip. ADV output data
includes signal to noise ratio (SNR) and correlation (COR) values that filter out noise in the acoustic
reflections. COR values are ideally greater than 70%, but COR values as low as 30% can be used for
mean velocity measurements over variable terrain, and SNR values for mean current measurements
can be as low as 5 dB. [59]. To reduce the effect of high turbulence near the substrate, only SNR values
greater than 5 dB and COR above 30% that resulted in at least 70% good points were include in our
analysis. We used the mean water-column velocity to characterize the velocity profile [46]. Velocity
measurements were taken along a grid 1 cm above the substrate on 5 × 5 cm planform [14]. We used
AutoCad software [60] with the velocity data to map isovels (contours of equal velocity) for a 3.5 m
length of the flume located near the center of the 10 m test section.
To determine the lowest velocity swim path available to fishes in each of the substrate treatments,
we plotted velocity along a simulated continuous swim path. We modeled this minimum velocity swim
path after the observed swim paths for each substrate treatment. In the natural substrate treatment,
where swim paths were highly variable, we simulated the path of minimum velocity through the
measured velocity grid and plotted the resulting velocity profile. To simulate the swim paths, we used
an algorithm that assumed fish could move any direction from a given point to follow the path of
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minimum velocity. We mapped minimum velocity profiles of a simulated fish swim path using
AutoCad software [60].
2.4. Statistical Analyses
We used
a logistic analysis of variance (Proc Logistic, SAS 9.3, SAS Institute, Cary,4 North
Carolina) to
Sustainability 2018, 10, x FOR PEER REVIEW
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Figure 2. Plan view of sample swim paths of southern leatherside chub and longnose dace in bare
flume (top), large flow obstacles (middle), and natural substrate (bottom) treatments in the 10 m test
section of the flume. The flume test section is 10 m in length and 1.2 m in width, and the position and
relative size of the large obstacles are indicated by the black circles. In these two treatments, the red
line indicating longnose dace and the blue line indicating southern leatherside chub are slightly offset
to show color differences, but do not represent differences in swim path.
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3.2. Passage Success and Time
At least 70% of individuals in both species among all three treatments successfully passed through
the test flume (Figure 3a). There was no relationship between passage success of fish and substrate
type, fish species, or their interaction (Table 1). In contrast, substrate type, fish species, and their
interaction were significant predictors of passage time (Table 2). Southern leatherside chub passed
through the flume about two to four times faster than longnose dace. Both species took longer to pass
2018,
10, x FOR PEER
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14
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Figure 3. Mean (±1 SE) of (A) passage rate, and (B) passage time (in min) through the flume based on
substrate type and fish species.
Figure 3. Mean (± 1 SE) of (A) passage rate, and (B) passage time (in min) through the flume based

on substrate
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3.3. Velocity Profiles and Swim Paths
leatherside chub and longnose dace), and their interaction.
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0.76obstacles and between the
treatment, the areas of lowest
velocity were located
downstream
from the
2 flume, 2.09
0.35in the large flow obstacles
obstacles and the wall ofsubstrate
the flume. Like the bare
the highest velocity
species
×
substrate
2
1.43
0.49
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Table 2. Analysis of variance for time of fish passage through the flume comparing the three substrate
treatments (bare flume, large obstacles, and natural substrate) and two fish species (southern leatherside
chub and longnose dace), and their interaction.
Source of Variation

df

F Value

P-Value

species
substrate
species × substrate

1/89
2/89
2/89

46.31
11.94
3.96

<0.0001
<0.0001
0.0224

3.3. Velocity Profiles and Swim Paths
The three substrate treatments created dramatically different velocity patterns in the test field.
The lowest velocities in the bare flume were near the flume walls. Velocity increased uniformly from
the walls to the center of the flume, where velocity was highest (Figure 4). In the large flow obstacle
treatment, the areas of lowest velocity were located downstream from the obstacles and between the
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The velocity experienced by fish for simulated swim paths in the bare flume was constant at
about 47 cm/s throughout the length of the flume near the flume walls (Figure 5a). In the large
obstacle treatment, the velocity profile of simulated swim paths fluctuated regularly between
velocities of 28 cm/s and 80 cm/s as the fish moved along the flume wall past the obstacles (Figure
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The velocity experienced by fish for simulated swim paths in the bare flume was constant at about
47 cm/s throughout the length of the flume near the flume walls (Figure 5a). In the large obstacle
treatment, the velocity profile of simulated swim paths fluctuated regularly between velocities of
28 cm/s and 80 cm/s as the fish moved along the flume wall past the obstacles (Figure 5a). In the
natural substrate treatment, the velocity profile of the simulated swim path fluctuated irregularly
between about 15 cm/s and 49 cm/s as the fish moved in irregular paths across the flume following a
Sustainability 2018,
10, (Figure
x FOR PEER
8 of 14
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path
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Figure 5. Velocity profiles for longnose dace flow conditions with velocity measurements taken 1 cm
Figure 5. Velocity profiles for longnose dace flow conditions with velocity measurements taken 1 cm
above the substrate along simulated typical swim paths; (a) bare flume (designated as control) and large
above the substrate along simulated typical swim paths; (a) bare flume (designated as control) and
flow obstacles treatment, and (b) bare flume (designated as control) and natural substrate treatment.
large flow obstacles treatment, and (b) bare flume (designated as control) and natural substrate
The distance is longer in the natural substrate treatment because the swim path was not straight.
treatment. The distance is longer in the natural substrate treatment because the swim path was not
straight.
4. Discussion

Successful restoration of stream habitats depends on connectivity of fish assemblages within the
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them to maintain position without expending much energy [45,49,67]. Southern leatherside chub,
and body shape [28]. Behavioral and morphological responses to high velocities differ between
functional groups [23,25]. In high velocities, longnose dace exhibit a bracing behavior that allows
them to maintain position without expending much energy [45,49,67]. Southern leatherside chub, on
the other hand, must swim continuously to maintain position, even in lower velocity zones [49].
These behavioral adaptations minimize energy expenditure [25,40,45]; for southern leatherside chub,
rapid passage through high velocity areas conserves energy, whereas longnose dace are able to brace
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on the other hand, must swim continuously to maintain position, even in lower velocity zones [49].
These behavioral adaptations minimize energy expenditure [25,40,45]; for southern leatherside chub,
rapid passage through high velocity areas conserves energy, whereas longnose dace are able to brace
without increasing energy expenditure [25,46]. Rough bottom substrates may provide an energetic
advantage to both species if substratum dimensions are similar to the body size of the fish [27,46].
Fish seek refuge from the main current by “flow refuging” in areas of reduced flow velocity [44]. As the
water velocity increases, the maximum distance that fish can travel without resting decreases [68,69].
The availability of low-velocity zones is an important factor to consider in high velocity flow
fields [70]. Our observations support the hypothesis that small, weak-swimming fish navigate
upstream by using paths of low velocity [15,33]. Our findings are also consistent with reports of
small-bodied fish moving upstream along the side of the flume in the reduced velocity zone or
skimming the substrate [15,28,33,34,71]. This study suggests that average cross-sectional velocities
may not provide a good metric for predicting passage of small-bodied stream fish, because both
midwater and benthic swimmers use the low-velocity area directly above the substrate for passage.
This study also indicates that constricted structures that create high velocities are more likely to be
a barrier to midwater swimmers, which don’t have energy-saving bracing behaviors like benthic
species [49].
The use of natural substrate and artificial or natural rugosities to create low velocity zones gives
greater flexibility to culvert design in stream restoration plans. The average cross-sectional velocity
in a culvert is used to accommodate the prolonged swimming speed of the weakest swimmer [72],
which results in dramatically increased culvert sizes [15]. The size of the smallest fish that must
transverse the culvert influences its design and cost [12]. These results demonstrate that for multiple
species of small-bodied fish, upstream passage is greatly facilitated by lining the culvert bottom with
the substrate found in the fish species’ native environment. This is a simple and economical mitigation
compared to the expense of replacing or otherwise modifying the culvert barrel.
Other studies on fish passage have shown that in addition to velocity, turbulence can have strong
effects on swimming behavior and movement [9,12,73]. We did not measure turbulence in the bare
flume or large obstacles treatments; however, we did observe that fish in the large obstacle treatment
did not use the turbulent wake region downstream of the obstacles, suggesting that perhaps turbulence
influenced swim path behavior in this treatment. In the natural substrate treatment, we did not
observe any noticeable effects of turbulence. Turbulence was likely lower in the natural substrate
treatment because the size of the substrate particles were smaller than in the large obstacle treatment.
Effects of combined velocity and turbulence measurements would be an interesting area for future
experimental research.
In summary, our data suggest that the type of substrate in a culvert can have a strong influence
on movement and swimming behavior of both mid-water and benthic-oriented fish. Natural cobble
substrate provides a much less restrictive environment for passage with multiple low velocity paths,
compared to large obstacles or a bare culvert. These results add to our understanding of how small
stream fish move through high flow environments created by culverts and other flow restrictions.
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